On the basis of our previous study concerning the effect of high hydrostatic pressure treatment (HPT) on Escherichia coli FtsZ ring (bacterial cytoskeleton) formation, we aimed to determine the effect of HPT on the growth properties of a representative eukaryotic microbe, Schizosaccharomyces pombe, in relation to the behavior of genuine cytoskeletons. Microtubules were visualized with GFP-linked -tubulin. Actin-related cytoskeletons were fluorescently stained with rhodamine-phalloidin. We observed growth retardation of about 10 h in post growth after HPT (75 MPa, 30 min, 28 C), which caused only a little loss of viable cells. In accordance with the period of growth retardation, cessation of cytokinesis and disappearance of the contractile ring (composed of actin, myosin II, and other proteins), directly participates in cytokinesis, continued for 18 h after HPT. On the other hand, the microtubules disappeared only for 6 h after HPT. Based on these observations, the contractile ring was the site most sensitive to HPT resulting in the cessation of cytokinesis.
High hydrostatic pressure treatment (HPT) has become a practical method of food processing and sterilization. [1] [2] [3] To improve the efficiency of sterilization by HPT, it is necessary to identify which biochemical processes of microorganisms are most sensitive to HPT. We have reported that cell division of Escherichia coli K-12 stops in post growth after HPT at as moderate as 75 MPa (750 atm) for 30 min at 37 C. 4) Formation of the FtsZ ring, which is essential for cell division, 5) was found to be particularly sensitive to HPT. FtsZ protein has about 30% amino acid sequence homology to -(or -) tubulin. 6) FtsZ is therefore regarded as a bacterial cytoskeletal protein. Our results for E. coli prompted us to determine the effect of HPT on the growth of a representative eukaryotic microbe, Schizosaccharomyces pombe, in which true cytoskeletons are present. The physiological functions of actin-related cytoskeletons in S. pombe are not well understood, with the exception of the contractile rings (composed of actin, myosin II, and other proteins), which participate directly in cytokinesis. Moreover, one of the known functions of microtubules is to segregate duplicated chromosomes into two daughter cells. The work presented here was aimed at investigating the effects of moderate HPT on the growth of S. pombe cells after release from HPT, with special attention to its effects on cytokinesis and the behavior of actin-related cytoskeletons and microtubules. We also examined the effect of moderate HPT on the growth and cytoskeleton of Saccharomyces cerevisiae, but in that study we were unable to detect cytoplasmic microtubules and thus could not fully investigate the relative sensitivity of the actin and microtubule systems to HPT.
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Materials and Methods
Yeast strains and growth conditions. The yeast strain Schizosaccharomyces pombe JY336 (h þ ade6-M210 leu1) was used in this study, kindly supplied by Dr. M. Arioka of the University of Tokyo. An S. pombe strain with a GFP--tubulin fusion-construction, AK10a (h 90 nmt41-GFP-tub1-kan r leu1-32 ade6-M216) was used to detect microtubules. Yeast was grown overnight at 28 C in 8 ml of YM broth (Difco, Detroit, MI) in L-tubes with constant shaking. After overnight incubation, the cells were considered to be in stationary phase. Exponentially y To whom correspondence should be addressed. Tel: +81-3-5275-7954; Fax: +81-3-5275-7852; E-mail: yamasaki-makari@arish.nihon-u.ac.jp growing cells were obtained by shaking the inoculated YM broth in L-tubes for 10 h to 0.5 of A 600 .
Viable cell count after HPT. Exponential phase cells were collected by centrifugation at 5,000 rpm for 10 min. Next, the pellet was washed twice with 1/15 M phosphate buffer (pH 6.98) and resuspended in the same buffer. Approximately 2 ml of the suspension was transferred to a CryoTube (Nalge Nunc International, Roskilde, Denmark) and carefully sealed with cap to exclude air from the tube. Samples were treated in a pressure vessel (Sugino Machine Ltd., Toyama, Japan). Pressurization was performed at 25-175 MPa for 30 min at 28
C. Surviving cells were measured by plating 100 ml of the diluted samples onto YM agar (Difco) plates. Colonies were counted after incubation for 48 h at 28 C.
Growth after HPT. Exponential phase cells after HPT were transferred to 8 ml of fresh YM broth in L-tubes and cultured at 28 C with shaking. The absorbance at 600 nm of the cultures were measured by Bactomonitor-550 (Jikco, Tokyo) every 30 min.
Microscopic observation. Samples were observed and photographed with an Olympus BX60 microscope equipped with a UPlanFl oil immersion lens (Olympus, Tokyo) and a DP70 camera (Olympus). Rhodamine fluorescence was visualized using a 520-to 550-nm excitation filter and a 580-nm absorption filter (U-MIG, Olympus). Green fluorescent protein (GFP) fluorescence was observed using a 460-to 490-nm excitation filter and a 510-nm absorption filter (U-MWIB, Olympus).
Rhodamine-phalloidin staining. S. pombe cells were fixed by the addition of formaldehyde (Wako Pure Chemicals, Osaka) to the culture medium to a final concentration of 5% and incubation for 30 min. Fixed cells were collected by centrifugation, and the pellet was washed three times with phosphate-buffered saline (PBS; 10 mM KH 2 PO 4 , 40 mM K 2 HPO 4 , 150 mM NaCl). Fixed cells were stained with 0.165 mM rhodamine phalloidin (Molecular Probes, Carlsbad, CA) in PBS for 2 h at room temperature with gently shaking in the dark. Cells stained with rhodamine-phalloidin were washed once with PBS. 8) Microtubule observation. Observation of a microtubule was performed using a yeast strain carrying the GFP fused with the protein Tub1. GFP-labeled microtubules were observed using a 460-to 490-nm excitation filter and a 510-nm absorption filter (U-MWIB, Olympus) with a fluorescence microscope.
In vitro polymerization of actin. The method used for in vitro polymerization of actin was as described by Mabuchi, 9) using whole-cell extracts of S. pombe. Exponentially growing S. pombe cells were disrupted by sonication five times for 60 s in G buffer (2 mM Tris, 0.1% NaN 3 , 0.1 mM CaCl 2 , and 0.2 mM ATP at pH 8.0). Whole-cell-extracts were subjected to HPT at 75 MPa for 30 min at 28 C. The suspensions were concentrated using Centricon YM-30 concentrators (Millipore, Bedford, MA). Previously polymerized actin proteins were removed by ultracentrifugation at 200;000 g for 1.5 h at 30 C, and the supernatant was used for in vitro polymerization of actin. Polymerization was induced with 20 mM KCl, and after 60 min at 30 C, the samples were centrifuged at 200;000 g for 1.5 h at 30 C. The precipitates were suspended in SDS-PAGE sample buffer, and then polymerized actin was depolymerized by sonication for 30 s 4 times. The samples were subjected to immunoblotting, as described previously, except that rabbit anti-actin antisera were used in primary detection (Sigma-Aldrich, St. Louis, MO), and anti-rabbit immunoglobulin G from goat conjugated with horse radish peroxidase (Promega, Madison, WI) was used as a secondary antibody.
In vitro polymerization of tubulin. Cell extracts subjected to HPT were concentrated using Centricon YM-30 concentrators (Millipore). Previously polymerized tubulin proteins were removed by ultracentrifugation at 100;000 g for 30 min at 37 C, and the supernatant was used for in vitro polymerization of tubulin. Polymerization was induced with 1 mM GTP, and after 60 min at 37 C, the samples were centrifuged at 100;000 g for 1.5 h at 37 C. Precipitates were suspended in SDS-PAGE sample buffer, and then polymerized tubulin was depolymerized by sonication for 30 s 4 times. The samples were subjected to immunoblotting, as previously described, except that rabbit anti-tubulin antisera were used for primary detection (Santa Cruz Biotechnology, Santa Cruz, CA) and anti-rabbit immunoglobulin G from goat conjugated with horse radish peroxidase (Promega Co.) was used as a secondary antibody.
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Results
Growth of S. pombe after release from high pressure treatment (HPT)
To determine which if any cell processes are most sensitive to HPT, we subjected exponentially growing S. pombe JY336 to moderate pressure (25 to 175 MPa) for 30 min at 28 C. The rates of cell survival are shown in Fig. 1A . To examine the effects on overall physiological function, the cells were grown in YM broth at 28 C after treatment. The growth curves for each strain we tested are shown in Fig. 1B . We observed no significant loss of cell viability at up to 75 MPa of treatment, but, we did observe a severe growth delay, of about 10 h, in 75 MPa-treated cells.
Morphology of HPT-cells in post-growth
To determine what defects occurred in S. pombe cells treated with 75 MPa HPT, we examined the treated cells more closely, with particular attention to cell morphology and the behavior of the cytoskeleton. In our previous work with Escherichia coli K-12, 4) we found that E. coli K-12 cells took on a filamentous form after HPT. To determine whether something similar occurs in yeast, we followed the morphology of S. pombe cells continuously after release from HPT (75 MPa). Figure 2B shows the morphology of untreated S. pombe cells grown at 25 C on a thin layer of YM agar medium on a slide glass as examined by phase contrast microscopy. Control cells that were not treated with HPT had a doubling time of approximately 4 to 5 h. By contrast, HPT-cells did not divide for 16 h (Fig. 2A) . Cell elongation was observed at the later growth stage but cell size did not exceed twice normal cell length, and hence by definition, they did not take on a filamentous form. As shown in Fig. 1B , the growth of the cells resumed at 18 h post-HPT.
Behavior of actin-based structures after HPT Actin filaments were fluorescently stained with rhodamine-phalloidin to visualize the actin-based cytoskeleton. In untreated cells, three types of actin-based cytoskeletal features were discernible: actin cables, actin patches, and contractile rings. Actin cables are bundles of actin filaments, and they were not well observed using our detecting system. Actin patches (small assemblies of actin filaments) were distinct in dividing cells, and were located near the ends of the cells. Contractile rings are typically composed of actin, myosin II, and other proteins, play a key role in cytokinesis, and are located at the centers of dividing cells. After 75 MPa HPT, all types of actin-related cytoskeletons disappeared (Fig. 3) . However, after 18 h post-HPT, contractile rings and actin patches reappeared in dividing cells (Fig. 3) . The timing of the reappearance of these actin-related features coincides with the reappearance of dividing cells, which was at 18 h post-HPT for cells treated with 75 MPa (Fig. 1B) .
Behavior of microtubules after HPT An S. pombe strain expressing GFP-linked -tubulin was used to visualize microtubules. The growth properties of this strain were almost identical to those observed for S. pombe JY336 (data not shown). As shown in Fig. 4 , microtubules disappeared after HPT, but were reorganized by 6 h post-HPT.
Effects of HPT on in vitro polymerization of actin monomers and tubulin dimers
As explained above, HPT caused severe effects on yeast cells, particularly on the reorganization of cytoskeletons. Next we examined the effects of HPT on in vitro polymerization of actin monomers and tubulin dimers (-tubulin and -tubulin). Crude lysate of S. pombe was prepared by sonication, and the lysate was subjected to HPT at 75 MPa for 30 min at 28 C. The HPT-lysate or an untreated control were then ultracentrifugated to remove any polymerized actin or tubulin that might have been present in the lysate immediately post-HTP. Polymerization was induced in vitro in the lysates by the addition of the polymerizationinducing agent 20 mM KCl (for actin polymerization) or 1 mM GTP (for microtubule formation). Immunoblotting was used to compare the amount of polymerized actin filaments or microtubules in HPT (75 MPa)-lysates to that found in untreated lysates. As shown in lanes 1 and 3 of Fig. 5 , the amount of polymerized actin (A) or tubulin (B) in HPT-lysates was much less than that detectable in untreated lysates. These data suggest that HPT at 75 MPa effected actin and tubulin protomers in such a way that they did not readily re-assemble.
Discussion
We investigated the effects of high-pressure treatment on cytoskeletal organization, and found that specific actin structures are affected in a manner that causes a cessation of cell division. More specifically, treatment of Schizosaccharomyces pombe cells with 75 MPa of HPT had little effect on viability, but did result in growth retardation of about 10 h (Fig. 1) . Moreover, our results indicate that cytokinesis did not occur during the post-HPT growth retardation period (Fig. 2) . Growth resumed at 18 h post-HPT (Fig. 1B) , and at the same time, contractile rings were again detectable in the dividing cells (Fig. 3) . Contractile rings are composed of actin, myosin II, and other proteins, and normally act to constrict cells that have grown to a certain length (typically, twice the length of a single cell in a premitotic growth phase) as part of the cell division process. [11] [12] [13] Actin patches also disappeared after HPT. We found that actin patches, whose function is not well understood, were also detectable again by 18 h posttreatment. Specifically, the patches were visible at the ends of cells that had grown to twice the normal length. Cytoplasmic actin cables are known to exist in S. pombe 12, 14, 15) but were not easily detected in our staining system.
In contrast to the high sensitivity of actin-related structures to HPT, microtubule-based structures appeared to be less sensitive to HPT or faster to recover, since microtubules were detectable as early as 6 h post-HPT (Fig. 4) . Microtubules are known to participate in chromosome segregation during mitosis. Earlier reorganization of microtubules, than, of actin-related cytoskeletones might facilitate partitioning of chromosomes prior to cytokinesis. Judging from the fact that HPT induced cessation of cytokinesis in S. pombe, it appears that the most HPT-sensitive process is reorganization of the contractile rings.
We also analyzed the growth of a budding yeast, Saccharomyces cerevisiae, after release from moderate HPT. Re-organization of cytoplasmic actin cables in S. cerevisiae was the process most sensitive to HPT, and the resulting cessation of budding was observed. 7) Taken together, the accumulated data on the effects of HPT on E. coli, S. cerevisiae, and S. pombe are consistent with the thesis that cytokinesis is the growth-related process most sensitive to HPT in all cases. 4, 7) HPT as moderate as 75 MPa is enough to dissociate microtubules and actin filaments, and HPT might cause a portion of tubulin or actin monomers to denature. These denatured monomers could then interfere with the polymerization of properly folded monomers. The results of our assay of in vitro polymerization of microtubles and actin filaments support this hypothesis (Fig. 5) . If denaturation did not occur in a fraction of cytoskeletal protomers, those would be reorganized earlier in the post growth after HPT.
The delay in cell growth might reflect the time it takes to scavenge denatured actin monomers, re-fold denatured monomers (as via the activity of molecular chaperons), and to synthesize new actin monomers in Crude cell extract from S. pombe JY336 was pressurized at 75 MPa for 30 min at 30 C, and previously polymerized cytoskeletons were removed by ultracentrifugation. A, After the treatment, 20 mM KCl was added to initiate polymerization. After incubation at 30 C for 60 min, polymerized actin was collected by centrifugation and subjected to SDS-PAGE. Actin was detected by immunoblotting. B, After the treatment, 1 mM GTP was added to initiate polymerization. After incubation at 37 C for 30 min, polymerized tubulin was collected by centrifugation and subjected to SDS-PAGE. Tubulin was detected by immunoblotting. amounts sufficient to escape interference with denatured protomers and bring about proper actin polymerization.
Sato et al. examined morphological changes in S. pombe immediately after HPT without post growth. 14) They report the disappearance of cell-cycle specific actin structures, as detected by fluorescence microscopy after HPT at 50 MPa for 10 min. As detected by immunoelectron microscopy, microtubules were lost after HPT at 100 MPa. In another report Sato et al. used a nda3 mutant strain of S. pombe to test the effect of HPT on the actin cytoskeleton at the mitotic prophase. 15) They observed the disappearance of actin patches and a decrease in fluorescence-detectable contractile rings after HPT at 100 MPa for 10 min. They pointed out, however, the presence of cytoplasmic actin cables and detectable fluorescence of contractile rings under that HPT condition. These results are different in part from what we found in our study, wherein we examined S. pombe cells during a post-HPT growth period of many hours. It is necessary to examine the relationship between morphological changes and growth responses.
